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Abstract: 7 
This paper studied the effect of different types of multi-walled carbon nanotubes 8 
(MWCNTs) on the dynamic mechanical properties of cementitious composites. Impact 9 
compression test was conducted on various specimens to obtain the dynamic stress-strain 10 
curves and dynamic compressive strength as well as deformation of cementitious composites. 11 
The dynamic impact toughness and impact dissipation energy were, then, estimated. 12 
Furthermore, the microscopic morphology of cementitious composites was identified by using 13 
the scanning electron microscope to show the reinforcing mechanisms of MWCNTs on 14 
cementitious composites. Experimental results show that all types of MWCNTs can increase 15 
the dynamic compressive strength and ultimate strain of the composite, but the dynamic peak 16 
strain of the composite presents deviations with the MWCNT incorporation. The composite 17 
with thick-short MWCNTs has a 100.8% increase in the impact toughness, and the composite 18 
with thin-long MWCNTs presents an increased dissipation energy up to 93.8%. MWCNTs 19 
with special structure or coating treatment have higher reinforcing effect to strength of the 20 
composite against untreated MWCNTs. The modifying mechanisms of MWCNTs on 21 
cementitious composite are mainly attributed to their nucleation and bridging effects, which 22 
prevent the micro-crack generation and delay the macro-crack propagation through increasing 23 
the energy consumption. 24 
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1. Introduction 27 
Cementitious composites are the most widely used building materials in the world. 28 
However, as multi-phase, multi-scale materials, cementitious composites have inevitably initial 29 
defects, greatly decreasing their mechanical properties [1]. Furthermore, cementitious 30 
composites tend to collapse once the bearing capacity is exceeded due to their brittleness and 31 
poor energy consumption, seriously affecting the safety of cementitious composite structures 32 
[2]. On the other hand, with increasing the complexity and extreme of the service environment 33 
 
 
as well as the multi-factor coupling actions, cementitious composites are facing more severe 34 
challenges [3-5]. In some infrastructures, cementitious composites are not only subjected to 35 
static loads, but also susceptible to dynamic impact loads [6-8]. Under the condition of high 36 
strain rate, the compression time of cementitious composites becomes shorter, and the effective 37 
force area of the composites decreases, resulting in the aggravation of brittleness failure of the 38 
materials [9]. 39 
In order to overcome flaws of cementitious composites under impact loads, researchers 40 
[10-14] tried to increase the compactness and ductility of the composites by adding mineral 41 
admixtures and high-strength steel fibers into cementitious matrix, thereby inhibiting the 42 
growth of cracks and improving the energy absorption capacity of the composite. However, 43 
these methods do not fundamentally inhibit the initial defects of cementitious composites, 44 
because they generate some voids or holes in the composite internal structure, inducing 45 
additional defects. In fact, big changes in the micro-macroscale behaviors of cementitious 46 
composites are predicated from the nanoscale impact. Even with small changes in the 47 
nanoscale, need-driven innovative design and production of materials and infrastructures could 48 
lead to large accumulated benefits. Therefore, it is of great significance to reduce the formation 49 
of nanoscale cracks, prevent them from growing into micron cracks, and, thus, avoid the 50 
macroscopic crack propagation. 51 
Multi-walled carbon nanotube (MWCNT) possessing one-dimensional tubular structure 52 
is formed by crimping multiple layers of graphene sheets [15], achieving excellent mechanical 53 
properties [16, 17], high electrical conductivity [18, 19] and high thermal properties [20]. Many 54 
of the characteristics of MWCNT make it an ideal material to replace traditional fiber, aiming 55 
to develop high-energy absorbing materials with broad application prospects. Previous 56 
researchers [21-28] have reported that under static loading, the incorporation of MWCNTs 57 
significantly enhances the elastic modulus, compressive strength, flexural strength and fracture 58 
energy of cementitious composite. For example, Li et al. [21] observed that the incorporation 59 
of 0.5% of MWCNTs can increase the compressive, flexural strength and the failure strain of 60 
cementitious composites by 19%, 25% and 27%, respectively. Ibarra et al. [24] found that 61 
Young’s modulus of cementitious composites is enhanced by 227% with the addition of 0.1% 62 
of MWCNTs. In addition, a 600% increase in Vickers hardness at the early hydration [29], a 63 
14% increase in fracture energy [30], and a 270% increase in fracture toughness [31] of 64 
cementitious composites were also achieved due to the presence of MWCNTs. 65 
 
 
However, whether MWCNTs can ensure the reinforcing effect on cementitious 66 
composites under impact loading and how the dynamic damage of composites evolves are 67 
rarely reported. Furthermore, as an important influence factor for the performances of 68 
cementitious composites, the bonding ability between MWCNTs and the composite is closely 69 
related to the dispersion quality, content level, internal structure and properties of MWCNTs 70 
[32, 33]. In fact, different physical morphology and surface modification of MWCNTs can 71 
have different effects on performances of cementitious composites. By carrying out special 72 
structural treatment and surface modification of MWCNTs, the contact area and surface 73 
activation point of MWCNTs can be further improved, which is conducive to play the nano-74 
enhancement effect of MWCNTs, thereby enhancing the energy absorption capacity of 75 
concrete materials and then delaying the development of cracks. Therefore, it is necessary to 76 
comprehensively and systematically study the effects of different types of MWCNTs on 77 
dynamic mechanical properties of cementitious composites, analyze the reinforcing 78 
mechanisms of MWCNTs, and understand the dynamic mechanical behavior of the composite 79 
under impact compression load. 80 
This paper studied the effects of sizes, special structures and coating treatments of 81 
MWCNTs on the dynamic mechanical properties of cementitious composites. The dynamic 82 
compressive strength and dynamic strain were obtained whereas the dynamic compression 83 
toughness was characterized. Finally, the reinforcing mechanisms of MWCNTs on 84 
cementitious composites were analyzed and the dynamic damage evolution of cementitious 85 
composites under impact loads was explained. 86 
2. Materials and experiments 87 
2.1 Materials and preparation 88 
Table 1 shows the physical properties of different MWCNT types used in the current 89 
investigation. Eight different types of MWCNTs having various sizes, structures, coating 90 
treatments and specific surface areas but the same density were studied. The raw materials and 91 
mix proportion of cementitious composites with and without MWCNTs are listed in Table 2. 92 
In addition to the control mix (C0) without MWCNT, 0.25% and 0.5% of MWCNTs by weight 93 
of cement were considered for each type of MWCNT. It is of note that the material selection, 94 
mix design and specimen preparation are all based on the existing references [27, 28], which 95 




Table 1 Physical properties of MWCNTs 98 
Types 











TS 20-30 0.5-2 ＞120 
tL ＜8 2-5 10-30 ＞350 
tS ＜8 2-5 0.5-2 ＞350 
LIM 30-60 20-50 1-10 ＞200 
HIM 100-200 - 1-10 ＞30 
NiM 20-30 5-10 10-30 70 
GM 20-30 5-10 10-30 ＞90 
Note: TL, TS, tL, tS, LIM, HIM, NiM and GM denote thick-long, thick-short, thin-long, thin-short, large inner 99 
thin-wall, helical, nickel-coated and graphitized MWCNTs, respectively.  100 
 101 
Fig. 1 demonstrates the schematic diagram of specimen preparation. A standard disc mold 102 
of dimensions Φ30.0 mm×15.0 mm was used to cast specimens for impact compression test. 103 
In order to ensure the surface flatness (within 0.05 mm) of specimen, all the specimens were 104 
surface-polished with sandpaper after demolding. Before the test, the specimens were initially 105 
cured in water (25℃) for 90 days and then placed in air (room temperature) for 7 days. 106 
 107 
Table 2 Mix proportion of composites without and with MWCNTs 108 
Code C FA SF S W SP MWCNTs 
C0 0.8 0.2 0.25 1.1 0.3 1.50% 0 
TL1 / TL2 
0.798 / 0.796 0.2 0.25 1.1 0.3 1.50% 0.25% / 0.50% 
TS1 / TS2 
tL1 / tL2 
tS1 / tS2 
LIM1 / LIM2 
HIM1 / HIM2 
NiM1 / NiM2 
GM1 / GM2 














Fig. 1 Schematic diagram of specimen preparation 
 110 
2.2 Experimental tests 111 
2.2.1 Impact compression test 112 
In this paper, the impact compression test was performed with split Hopkinson pressure 113 
bar (SHPB), and the diameter of the impact bar used was 37.0 mm. Three different strain rates 114 
(around 200/s, 500/s, 800/s) were achieved by adjusting the loading air pressure and the stress 115 
waves in the elastic rod were collected. Each strain rate is taken as the average of three sets of 116 
valid data. 117 
The following steps have been followed for specific data processing: collect the stress 118 
waveform in the specimen and calculate the average stress σs(t), average strain rate ἑs(t), and 119 
average strain εs(t) according to the three-wave method formulas (1), (2), and (3). Obtain the 120 
dynamic stress-strain curve of the composites and record the dynamic compressive strength, 121 
peak strain and ultimate strain. The dynamic impact toughness was obtained by integrating the 122 
stress-strain curve, whereas the impact dissipation energy (IDE) was calculated according to 123 
formula (4). 124 
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where εi and εr are the incident strain and reflection strain of the bar, respectively. εt is 126 
transmission strain in the bar. A is the cross-sectional area of the bar, c is the wave speed in the 127 
bar. E is the elastic modulus of the bar, As is the cross-sectional area of sample, ls is the initial 128 
thickness of sample. 129 
2.2.2 Morphology characterization 130 
The field emission scanning electron microscope was used to observe the microscopic 131 
 
 
morphology of cementitious composites. Prior to the examination, the surfaces of specimens 132 
were coated with a thin gold layer using Q150T ES (Quorum Ltd.), then all these specimens 133 
were observed by SEM using Nova Nano SEM 450 machine.  134 
3. Effect of size of untreated MWCNTs on cementitious composites 135 
3.1 Dynamic impact stress-strain curves 136 
Fig.2 shows the typically dynamic impact stress-strain curves of cementitious composites 137 
containing MWCNTs of different sizes and content. 138 





















(a) Composites without MNCNTs 

























(b) Composites with thick-short 
MNCNTs 

























(c) Composites with thin-long 
MNCNTs 
Fig. 2 Dynamic impact stress-strain curves of cementitious composites containing MWCNTs of different 
sizes and contents 
 139 
As shown in Fig. 2, there exist two stages in the dynamic impact stress-strain curves of 140 
all cementitious composites: approximately linear ascending stage and non-linear descending 141 
stage, indicating that MWCNTs do not significantly change the dynamic damage evolution of 142 
cementitious composites. However, the provision of MWCNTs prolongs the ascending curve 143 
of cementitious composites and slows down the descending section of the curve. When the 144 
strain rate is around 500/s, there even exists the wave-like drop in the curve descending section 145 
of MWCNTs reinforced cementitious composites. These phenomena show that MWCNTs 146 
increase the elastic modulus of cementitious composites and improve the toughness of the 147 
composite through enhancing the energy consumption of composites at the damage softening 148 
stage. 149 
3.2 Dynamic compressive strength 150 
Fig. 3 shows the dynamic compressive strength of cementitious composites reinforced 151 
with different sizes of untreated MWCNTs, whereas the relationships between dynamic 152 
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Fig. 3 Dynamic compressive strength of cementitious composites containing MWCNTs of different 
sizes and content 
 154 
As shown in Fig. 3, the incorporation of MWCNTs significantly increases the strength of 155 
cementitious composites. When the strain rate is between 200/s and 500/s, cementitious 156 
composites with thick-short MWCNTs (TS) present the largest dynamic compressive strength, 157 
while the incorporation of thin-short MWCNTs (tS) produces the highest strength has the strain 158 
rate reaches 800/s. Within the comparable strain rates, at the strain rate of 0.25%-0.5%, the 159 
incorporation of four sizes of MWCNTs (TL, TS, tL, tS) maximumly increases the strength 160 
value of cementitious composites by 72.7%, 99.6%, 75.3% and 76.2%, respectively. 161 
The enhancing mechanisms of MWCNTs on cementitious composites can be expressed 162 
as follows: The filling and nucleation effect of MWCNTs refine the pore volume of cement 163 
matrix and promote the cement hydration of cementitious composites [34, 35]. Meanwhile, the 164 
high thermal conductivity of MWCNTs transfers the hydration thermal stresses inside the 165 
composites, and thereby reducing autogenous shrinkage of the composite [4]. Furthermore, the 166 
disorderly distribution of MWCNTs increases the three-dimensional network structure of 167 
cementitious matrix and then enhances the structural integrity of the composites [29]. In 168 
addition, the increased polymerization degree and average molecular chain length of calcium 169 
silicate hydrate (C-S-H) gel could further improve the network structure of cementitious 170 
composites [36]. 171 
 
 





 Experimental data of C0
































(a) Composites without MWCNTs 














































(b) Composites with 0.25% 
MNCNTs 














































(c) Composites with 0.5% 
MNCNTs 
Fig. 4 Strain rate effect of cementitious composites containing MWCNTs of different sizes and content 
 172 
As shown in Fig. 4, all dynamic compressive strength-strain rate curves of cementitious 173 
composites satisfy linear relationship, namely, possessing the strain rate effect of the 174 
composite. Compared to control cementitious composites without MWCNTs, cementitious 175 
composites with MWCNTs show lower values of the linear fitting degree, and the reduction 176 
ranges from 1.0% to 38.5%. This phenomenon shows that the provision of MWCNTs decreases 177 
the strain rate sensitivity of cementitious composites and therefore weakens the rate-hardening 178 
phenomenon of the composite [9].  179 
According to the damage mechanics theory, a large number of micro-cracks are formed 180 
inside the cementitious composites at high strain rates. Due to time constraints, the damage 181 
does not only occur at the weak interface of composites, but also exists in the aggregates and 182 
cement matrix, resulting in the increase of the failure stress. In addition, the increased cohesive 183 
force of free water and the occurrence of confining effect under dynamic load further increase 184 
the strength of cementitious composites [37]. However, the presence of MWCNTs increases 185 
the lateral constraint of composites through offsetting the lateral inertial force, which in turn 186 
weakens the confining pressure effect of the composites. The improved network structure of 187 
cementitious composites weakens the stress accumulation at the crack tip, which in turn 188 
effectively inhibits the generation and propagation of micro-cracks [4, 23, 34]. Furthermore, 189 
the MWCNTs of high specific surface and hollow tubular structure absorb a large amount of 190 
water [27], reducing the free water content and further weakening confining effect in the 191 
composite [38]. 192 
3.3 Dynamic compression deformation 193 
Fig. 5a shows the dynamic peak strain of different types of MWCNTs reinforced 194 
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(b) Dynamic ultimate strain 
Fig. 5 Dynamic peak strain and dynamic ultimate of cementitious composites containing MWCNTs of 
different sizes and content  
 197 
As shown in Fig. 5a, the dynamic peak strain of control cementitious composites 198 
remarkably decreases with increasing the strain rates, showing obvious dynamic embrittlement 199 
phenomenon [39]. At the medium and low strain rates, cementitious composites with 200 
MWCNTs have lower dynamic peak strain, but this this trend is reversed at high strain rate. 201 
These phenomena above indicate that the incorporation of MWCNTs (especially thick-long 202 
MWCNTs) improves the deformability of the composite at high strain rates. The dynamic 203 
ultimate strain of all composites increases with the increase of strain rate (Fig. 5b), exhibiting 204 
the strain rate effect of the composite. Compared to the linear increase of ultimate strain of 205 
control cementitious composites, the strain increase rate of MWCNTs reinforced cementitious 206 
composites first increases and then decreases. When the MWCNT content is 0.25%, 207 
composites with thick-long MWCNTs (TL) have the largest ultimate strain value, while the 208 
thin-long MWCNTs (tL) is more beneficial to increasing the strain value of the composites at 209 
the MWCNT content of 0.5%. 210 
At medium and low strain rates, MWCNTs of high stiffness increase the elastic modulus 211 
of cement matrix and make the composite become harder [24, 40], which effectively prevent 212 
the movement of hydration products at the molecular level, decreasing the dynamic peak strain. 213 
However, at high strain rate, more micro-cracks need to be formed to consume energy, and the 214 
nano-enhancement effects of MWCNTs can fully play the advantage. On the one hand, the 215 
high compactness of MWCNTs reinforced cementitious composites increases the energy 216 
absorption and inhibits the generation of micro-cracks [21, 35]. On the other hand, MWCNTs 217 
bridging between micro-cracks and micro-pores block the potential path of cracks, force the 218 
 
 
cracks to bypass the MWCNTs to propagate and, therefore, deflect the crack propagation path 219 
[32]. What's more, the reinforced network structure of the composite redistributes the stress 220 
and promotes the occurrence of multi-directional cracking, delaying the steady propagation of 221 
micro-cracks [27, 34]. In addition, the reduction in orientation of calcium hydroxide crystal 222 
caused by MWCNTs makes the cracks along the crystal fracture path more tortuous [27]. 223 
3.4 Dynamic impact toughness 224 
Fig. 6a shows the impact toughness of four sizes of MWCNTs reinforced cementitious 225 
composites, the impact dissipation energy of all cementitious composites is shown in Fig. 6b. 226 
As shown in Fig. 6, the impact toughness and dissipation energy of all cementitious 227 
composites increases with increasing the strain rates, which corresponds to the strain rate effect 228 
of composites and is mainly related to the generation of more micro-cracks. Compared with 229 
control cementitious composites without MWCNT, cementitious composites containing 230 
MWCNTs of different sizes produce higher values of these two parameters. At low MWCNT 231 
content (0.25%), the composite with thick-short MWCNTs (tS) has the highest toughness value 232 
with a 100.8%increase rate, while the composite with thick-long MWCNTs (TL) maximumly 233 
increases the impact dissipation energy by 58.6%. When MWCNT content reaches 0.5%, the 234 
impact toughness of the four sizes of MWCNTs (TL, TS, tL, tS) reinforced cementitious 235 
composites increase by 57.5%, 100.8%, 60.5% and 70.9%, respectively, while the impact 236 
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(b) Impact dissipation energy 
Fig. 6 Impact toughness and impact dissipation energy of cementitious composites containing 
MWCNTs of different sizes and content 
 239 
In general, short MWCNTs significantly increase the impact toughness of cementitious 240 
 
 
composites, and thin MWCNTs enhance the impact dissipation energy of the composite more 241 
evidently. This is because that short MWCNTs have better dispersion ability, which helps to 242 
enhance the network structure of cement matrix and improve the toughness of cementitious 243 
composites [27]. As for the thin MWCNTs, their high surface energy significantly enhances 244 
the overall energy of cementitious composites, contributing to increase the energy dissipation 245 
of stress waves [26]. It is of note that the energy dissipation value of all cementitious 246 
composites is significantly higher than that of the impact toughness value. However, the 247 
provision of MWCNTs leads to higher increase in the impact toughness than impact dissipated 248 
energy. This is because that under high-speed impact loading, the lateral stress of composites 249 
caused by Poisson's ratio effect leads to the confining pressure, which attenuates the strain 250 
energy in the propagation process, but it does not enhance the energy absorption ability of the 251 
composite [37]. The presence of MWCNTs weakens the confining pressure effect of 252 
cementitious composites, which in turn reduces the stress wave dissipation to some extent. 253 
4. Effect of special structure and coating treatment of MWCNTs on cementitious 254 
composites 255 
4.1 Dynamic impact stress-strain curves 256 
Fig. 7 shows the typically dynamic impact stress-strain curve of different special types of 257 
MWCNTs reinforced composites at different strain rates. 258 


















































Fig. 7 Dynamic impact stress-strain curve of different special types and content of MWCNTs 
reinforced cementitious composites 
 259 
As shown in Fig. 7, the dynamic impact stress-strain curve of special types of MWCNTs 260 
reinforced cementitious composites is similar to that of the composite with untreated 261 
MWCNTs. The whole stress-strain curve is divided into approximate linear ascending section 262 
and nonlinear descending section. With the increase of strain rate, the ascending section of the 263 
 
 
curve gradually lengthens and the descending section gradually slows down. This again shows 264 
that in the form of dynamic damage evolution, there is no difference between the composites 265 
with special types of MWCNTs and control cementitious composites. However, the wave-like 266 
drop appeared in the curve descending section of MWCNTs reinforced cementitious 267 
composites indicates that MWCNTs inhibit cracks propagation and effectively improve the 268 
damage softening of the composites. 269 
4.2 Dynamic compressive strength 270 
Fig. 8 shows the dynamic compressive strength of cementitious composites containing 271 
special types of MWCNTs. The relationship between dynamic compressive strength and strain 272 
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Fig. 8 Dynamic compressive strength of different special types and contents of MWCNTs reinforced 
cementitious composites compared to control cementitious composites 
 274 
As shown in Fig. 8, similar to the strength development of untreated MWCNTs, the 275 
incorporation of all special types of MWCNTs increases the dynamic compressive strength of 276 
cementitious composites. When the MWCNT content is 0.25%, cementitious composites with 277 
helical MWCNTs (HIM) have the largest dynamic compressive strength, while the composite 278 
with graphitized MWCNTs (GM) present higher strength value at the MWCNT content of 279 
0.5%. Within the comparable strain rates, the incorporation of four special types of MWCNTs 280 
(LIM, HIM, NiM, GM) maximumly increases the dynamic compressive strength of 281 
cementitious composites by 71.1%, 89.8%, 43.0% and 99.1%, respectively.  282 
In general, most special types of MWCNTs have stronger effect on the strength increase 283 
of cementitious composites than untreated MWCNTs. This is consistent with the study of Cui 284 
et al. [27] under static compression loading. As for the lower strength increase of composites 285 
 
 
with nickel-coated MWCNTs, it may be related to the poor dispersion of nanotubes, causing 286 
some agglomeration of MWCNTs in the cementitious composites. Comparing to coated 287 
MWCNTs, the graphitized MWCNTs (GM) have higher strength enhancement effect than 288 
nickel-coated MWCNTs (NiM), whereas for special structure MWCNTs, the helical MWCNTs 289 
(HIM) show a larger strength increase than the large inner diameter thin-walled MWCNTs 290 
(LIM). This is because that helical MWCNTs can effectively reduce the sliding between 291 
graphene layers of nanotubes, meanwhile, the increased contact area between MWCNTs and 292 
hydration products contributes to playing the nano-enhancement effects of nanotubes [41]. In 293 
addition, the graphitized MWCNTs remove the amorphous carbon on their surface, and reduce 294 
the structural defects of the transistors [42]. Their unique spiral cone structure can also play a 295 
role in fiber anchoring, helping to increase the strength of cementitious composites [42]. 296 




























































































Strain rate (s-1)  
(a) Composites with 0.25% MNCNTs (b) Composites with 0.5% MNCNTs 
Fig. 9 Strain rate effect of different special types and content of MWCNTs reinforced cementitious 
composites compared to control cementitious composites 
 297 
As shown in Fig. 9, cementitious composites reinforced with special types of MWCNTs 298 
have lower linear fit degree of dynamic stress-strain curves with respect to the control 299 
cementitious composites, more evident for composites modified with higher content of 300 
MWCNTs. When the MWCNT content is 0.5%, cementitious composites with graphitized 301 
MWCNTs and helical MWCNTs result in 55.5% and 46.8% reduction in fitting degree, 302 
respectively. All these phenomena above indicate that the incorporation of special types of 303 
MWCNTs reduces the strain rate sensitivity of the composite, and also the MWCNT content 304 
plays a significant role in the sensitivity change.  305 
As early mentioned in this paper, the rate-hardening phenomenon of cementitious 306 
composites is related to the development of micro-cracks, the cohesive effect of pore water and 307 
 
 
the inertia restraint of composites [9, 37]. The presence of MWCNTs can well weaken the 308 
phenomenon by three ways: reducing the content of free water, weakening the lateral constraint 309 
of the composite material and redistributing the stress to increase the energy consumption. The 310 
influence mechanisms of special types of MWCNTs on cementitious composites are similar to 311 
that of untreated MWCNTs, explained above for untreated MWCNTs in Section 3.1. 312 
4.3 Dynamic compression deformation 313 
Fig. 10a shows the dynamic peak strain of special types of MWCNTs reinforced 314 
cementitious composites compared to control cementitious composites, the corresponding 315 
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(b)Dynamic ultimate strain 
Fig. 10 Dynamic peak strain and dynamic ultimate strain of different special types and content of 
MWCNTs reinforced cementitious composites 
 317 
As shown in Fig. 10, all the MWCNTs reinforced cementitious composites have lower 318 
dynamic strain with respect to control cementitious composites at low and medium strain rates, 319 
but present higher strain value at high strain rate. This indicates that the incorporation of special 320 
types of MWCNTs mainly improves the deformation capacity of cementitious composites at 321 
the high strain rate, leading to higher ductility of the composite. Within the comparable strain 322 
rates, the incorporation of nickel-coated MWCNTs significantly increases the dynamic peak 323 
strain of cementitious composites, while the incorporated helical MWCNTs evidently enhance 324 
the dynamic ultimate strain of the composite. Through comparison, it can be found that the 325 
coating treated MWCNTs contribute to inhibit the formation and steady propagation of cracks, 326 
and the MWCNTs with special structure are more conducive to delay the unsteady propagation 327 
of cracks. This may be because, in the former stage, the filling effect and nuclear effect of 328 
MWCNTs play a leading role [43, 44], while the network enhancement effect of MWCNTs 329 
plays a more important role in the latter stage [38]. 330 
 
 
Compared to MWCNTs with special structures, the increased surface activation point of 331 
coating treated MWCNTs enhances the interface bond strength between nanotubes and cement 332 
matrix, thereby increasing the cohesive force of cementitious composites [45]. Additionally, 333 
the nickel-coated MWCNTs of high thermal conductivity contribute to transfer the hydration 334 
thermal stress of cement matrix, further reducing the initial defects of the composites and 335 
inhibiting the generation of micro-cracks [21, 44]. For the helical MWCNTs, their unique 336 
spring structure have good resilience or time-delay, which can convert the kinetic energy of 337 
the composite into time-delay strain energy and then dissipate it in the form of heat energy 338 
[46]. The absorbing energy ability of cementitious composites is increased and the crack 339 
propagation is delayed [47]. Furthermore, the helical MWCNTs enhance the network structure 340 
of cementitious composites, which makes the stress distribution more uniform and induces the 341 
multi-directional cracking [48]. The equivalent reinforcement effect of helical MWCNTs 342 
further increases the adhesion force between nanotubes and composites, thereby enhancing the 343 
bonding energy required for the MWCNTs pulling out. As for the toughening advantage of 344 
graphitized MWCNTs, it may be related to the improved micro-structure: The graphite 345 
morphology of internal chaotic layers is transformed into lamellar structure and the external 346 
amorphous carbon is graphitized (from amorphous to crystalline) [30], which in turn enhances 347 
the van der Waals force between molecules and improves the micro-structure of MWCNTs. 348 
4.4 Dynamic impact toughness 349 
Fig. 11a shows the impact toughness of special types of MWCNTs reinforced 350 
cementitious composites compared to control cementitious composites, the corresponding 351 
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(b) Composites with 0.5% MNCNTs 
Fig. 11 Impact toughness and impact dissipation energy of different special types and content of 




As shown in Fig. 11, cementitious composites with special types of MWCNTs have higher 354 
impact toughness values and impact dissipation energy compared with the control composite. 355 
When the MWCNT content is 0.25%, the composite with helical MWCNTs (HIM) has the 356 
largest toughness values with 81.5% increase rate than that of the control composite. When the 357 
MWCNT content is 0.5%, the impact toughness of cementitious composites can be increased 358 
by 93.8% and 87.9%, respectively with the incorporation of helical MWCNTs (HIM) and 359 
graphitized MWCNTs (GM). As for the impact dissipation, cementitious composites with 360 
0.25% HIM can increase the dissipation energy by 82.6%, while the increase values are up to 361 
67.8% when the at the GM content of0.5%. Compared to the composites with untreated 362 
MWCNTs, these two special types of MWCNTs reinforced cementitious composites even 363 
present 25.4% and 32.3% higher impact toughness and 18.6% and 35.2% increase of impact 364 
dissipation energy, respectively. This is mainly related to the unique spring structure of helical 365 
MWCNTs and the high crystallinity of graphitized MWCNTs, which increase the energy 366 
absorption capacity of cementitious composites and better exert the nano-enhancement effects 367 
of the nanotubes. 368 
4.5 Reinforcing mechanisms of MWCNTs 369 
In order to authentically show the reinforcing mechanisms of MWCNTs on cementitious 370 
composites, this paper observes the micro morphology of special types of MWCNTs reinforced 371 
cementitious composites compared to the control composite. The SEM images of cementitious 372 
composites at different strain rates are shown in Figs. 12 and 13. 373 
   
(a) Propagation path of cracks 
C0-510/s HIM-500/s GM-470/s 
 
 
   
(b) Bridging of MWCNTs 




Fig. 13 Pulling out and fracture of MWCNTs 
 375 
As shown in Fig. 12a, compared with control cementitious composites, cementitious 376 
composites with special types of MWCNTs at medium strain rate make the crack path inside 377 
the body obviously deflected, even causing the phenomenon of multi-directional cracking. This 378 
indicates that the incorporation of MWCNTs improves the network structure of the composite, 379 
making the stress distribution in the matrix becomes uniform. In the crack formation zone, the 380 
MWCNTs of strong bond strength work as fiber-bridging role, block the crack propagation 381 
path, and delay the crack development (as seen from Fig. 12b). When the strain rate reaches 382 
800/s (Fig. 13), the brittle failure occurs inside the control cementitious composites due to the 383 
high incident energy. However, some damage occurs inside the MWCNTs reinforced 384 
composites, the phenomenon of MWCNTs pulling-out and fracture exist in and around the 385 









brittle failure of the composite materials is weakened. In fact, the reinforced network structure 387 
of MWCNTs can offset the inertial stress inside the cementitious composites, and therefore, 388 
enhance the confining pressure of the composite. Furthermore, the pull-out and fracture of 389 
MWCNTs overcome the friction force between MWCNTs and cement matrix, further 390 
absorbing the strain energy released by the crack and delaying the crack propagation [30]. 391 
 
Fig. 14 Schematic diagram of reinforcing mechanism of MWCNTs on cementitious composites 
 392 
In order to intuitively reflect the modification effect of nanotubes, the reinforcing 393 
mechanism diagram of MWCNTs on cementitious composites is displayed in Fig.14. Based 394 
on the results from literatures [12, 21, 25-27, 32, 48], MWCNTs improve the structural integrity 395 
of cementitious composites by improving the microstructure of cement matrix and regulating 396 
the morphology of hydration products. Meanwhile, the network structure and bridging effect 397 
of MWCNTs further inhibit the development of cracks and, therefore, improve the toughness 398 
of materials. Compared to short MWCNTs, long MWCNTs of high aspect ratio can increase 399 
the contact area with the hydration products, attract more hydration products to deposit on its 400 
surface, and thereby better exert the nucleation effect of MWCNTs. Furthermore, the crack is 401 
difficult to bypass the long MWCNTs but directly pass through it, which significantly plays 402 
the micro-fiber effect of the MWCNTs. 403 
Increase the matrix compacness





















































































































5 Conclusions 404 
In this paper, eight types of MWCNTs were selected to modify the cementitious 405 
composites, and the split Hopkinson pressure bar was used for impact compression test. The 406 
dynamic mechanical properties of MWCNTs reinforced cementitious composites with 407 
different sizes, special structures and coating treatments were studied, and the toughening 408 
mechanisms of MWCNTs on the composite were discussed. Finally, the dynamic damage 409 
evolution behavior of cementitious composites was confirmed and the dynamic compression 410 
toughness were characterized. Conclusions are summarized as follows: 411 
1) All types of MWCNTs can increase the dynamic compressive strength and ultimate 412 
strain of cementitious composites at different strain rates, but only enhance the peak strain of 413 
MWCNTs reinforced cementitious composites at high strain rates. 414 
2) For untreated MWCNTs, the short MWCNTs contribute to increase the dynamic 415 
compressive strength of cementitious composites because of their good dispersion, while the 416 
long MWCNTs are more conducive to improve the deformability of the composite due to the 417 
nucleation and bridging effect of nanotubes. Among all mixes, cementitious composites with 418 
thick-short MWCNTs exhibit the highest impact toughness with a 100.8% increase compared 419 
to control cementitious composites, while the composite with thin-long MWCNTs maximumly 420 
increase the impact dissipation energy by 77.7%.  421 
3) MWCNTs with special structures and coating treatments have higher strength increase 422 
advantages for cementitious composites than untreated MWCNTs. At MWCNT content of 423 
0.5%, cementitious composites with helical MWCNTs maximumly increase the impact 424 
toughness and dissipation energy by 93.8% and 82.6%, respectively as compared to control 425 
cementitious composites. Compared with cementitious composites with untreated MWCNTs, 426 
the impact toughness and dissipation energy of the composite with special types of MWCNTs 427 
are increased by 32.3% and 35.2%, respectively. 428 
 429 
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